






















Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 20, 2017
Sensory evaluation and chemical analysis of exhaled and dermally emitted bioeffluents
Tsushima, S.; Wargocki, Pawel; Tanabe, S.
Published in:
Indoor Air Online





Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Tsushima, S., Wargocki, P., & Tanabe, S. (2017). Sensory evaluation and chemical analysis of exhaled and
dermally emitted bioeffluents. Indoor Air Online. DOI: 10.1111/ina.12424
Indoor Air. 2017;1–18.	 wileyonlinelibrary.com/journal/ina	 	 | 	1© 2017 John Wiley & Sons A/S. 




O R I G I N A L  A R T I C L E
Sensory evaluation and chemical analysis of exhaled and 
dermally emitted bioeffluents




















arately	or	 together	 (whole-	body	emission)	were	 created.	Five	 lightly	dressed	males	
exhaled	the	air	through	a	mask	to	another,	identical	chamber	or	without	a	mask	to	the	
chamber	in	which	they	were	sitting;	the	outdoor	air	supply	rate	was	the	same	in	both	







was	 less	acceptable	 in	 the	chambers	with	whole-	body	bioeffluents.	The	concentra-


















formance,	 including	 the	ability	 to	 take	decisions.5	There	 is	 substantial	
evidence	on	how	body	odor	is	perceived	by	humans.6–9	This	published	
research	provided	the	basis	for	contemporary	ventilation	standards.10,11




ygen	 (O2).	 Pettenkofer	 proposed	 the	 use	 of	 CO2,	 the	 main	 human	




He	 then	proposed	 that	 a	CO2	 concentration	of	1000	ppm	could	be	
considered	the	hygienic	limit,	above	which	indoor	air	quality	is	unac-
ceptable.	He	assumed	500	ppm	as	the	concentration	of	outdoor	CO2,	
which	 is	much	higher	 than	 the	current	ambient	 level,	 slightly	above	
400	ppm.	CO2	has	subsequently	been	used	universally	as	a	proxy	for	











increased	 acute	 health	 symptoms,	 and	 that	 the	 performance	 of	 a	
proofreading	task	which	can	be	considered	a	typical	office	task	was	
reduced	in	one	of	the	two	series	of	experiments	that	were	reported.16 
The	validity	 and	proposed	mechanisms	of	 these	 conflicting	 findings	
are	still	to	be	confirmed.
Humans	emit	many	different	volatile	organic	compounds	(VOCs).	
Recently,	 Liu	 et	al17	 reported	 that	 the	 compounds	 associated	 with	
the	presence	of	humans	contribute	up	to	40%	of	the	measured	day-
time	VOC	 concentration	 in	 indoor	 spaces.	 In	 another	 recent	 study,	



























1.2 | Summary of previous measurements of human 
bioeffluents
Krotoszynski	and	Dravnieks22	 sampled	vapors	 from	the	whole	body	
by	placing	 subjects	on	a	Teflon-	lined	 stretcher	 in	 a	glass	 tube.	Five	
compounds	were	found	to	be	common	to	white,	Afro-	American	and	
Indian	 males	 and	 to	 white	 females.	 These	 were	 acetone,	 butanol,	
ethanol,	 lactic	 acid,	 and	pyruvic	 acid.	 Ellin23	 sampled	 compounds	 in	
the	headspace	surrounding	a	person.	Forty-	six	seminude	males	were	
placed,	 one	 at	 a	 time,	 in	 a	 sealed	 chamber	made	 of	 glass,	 stainless	
steel,	 and	 teflon.	 Around	 330	 compounds	 were	 detected	 and	 135	
compounds	 were	 identified.	 The	 five	 compounds	 with	 the	 highest	
concentration,	which	were	emitted	by	all	subjects,	were	acetone,	bu-
tanol,	 ethanol,	 isoprene,	 and	 toluene.	Wang24	 investigated	bioefflu-
ents	in	an	auditorium.	Samples	were	taken	from	the	inlet	and	exhaust	
of	the	air	conditioning	system.	Sixteen	compounds	were	considered	











developed	 experimental	 system,	 and	 645	VOCs	were	 detected;	 on	
average,	 over	 fifty	 different	 types	 of	VOCs	 from	each	 subject	were	
detected.	 In	 a	 summary	 of	 studies	 measuring	 human	 bioeffluents,	




viduals	were	 isoprene,	 acetone,	 ethanol,	 methanol,	 and	 other	 alco-
hols;	minor	components	included	pentane	and	higher	aldehydes	and	
ketones.
Zhang	 et	al31	 measured	 emissions	 from	 30	 healthy	 subjects	
wearing	 gas	 masks	 in	 a	 sealed	 chamber	 with	 almost	 no	 ventila-
tion.	Organic	 pollutants	 emitted	 from	 the	 skin	were	 identified.	 In	
all,	 893	VOCs	were	 detected,	 an	 average	 of	 71	 VOCs	 (SD=21.2,	









ber	 of	 occupants	 but	 also	 on	 the	 air	 temperature.	 The	
present	results	form	a	basis	for	developing	new	technolo-
gies	and	solutions	for	the	source	control	of	human	bioef-
fluents,	 such	 as	 absorptive	 clothing	 or	 personalized	
ventilation.








































































































































































































































































































































































































































































































































































































































































































































































4  |     TSUSHIMA eT Al.
individual	 plastic	 bags	 lined	with	 aluminum	with	 only	 their	 heads	
outside	 the	 bag.	 They	 identified	 24	 VOCs	 that	 were	 additionally	
shown	to	attract	Aedes	mosquitoes.	The	dermally	emitted	biofflu-
ents	 that	were	 found	 to	play	 a	 key	 role	 in	 attracting	 insects	were	











Three	 compounds	were	 found	 to	be	biomarkers	 of	 increased	 age:	
dimethylsulphone,	 benzothiazole,	 and	 nonanal.	 No	 significant	 dif-
ferences	related	to	age	or	locus	were	found	for	octanal	or	decanal.






like	 smell38	 and	 isovaleric	 acid.39	 In	 particular,	 lipophilic corynebac-
teria,	 which	 dominate	 the	 commensal	 bacterial	 community	 in	 the	
axillary	region	of	the	skin,	are	largely	responsible	for	the	production	
of	 malodorous	 volatile	 products.40–42	 There	 are	 also	 other	 often	

















canal,	 geranylacetone,	 nonanal,	 and	 undecanal.46,49	 The	 same	 com-
pounds	have	also	been	 regularly	 found	 to	be	 the	major	compounds	
emitted	from	the	forearm,	together	with	some	alkanes	and	carboxylic	
acids.34,53,54	Comparing	hand	odors	 from	10	subjects,	Curran	et	al55 
identified	 24	main	 compounds	 that	 can	 be	 considered	 to	 be	 a	 part	
of	 the	 “primary	 odor”	 profile	 of	 human	 scent.	 Six	 compounds	were	
found	to	be	highly	frequent	among	the	emissions	from	hands	and	they	





























































































































































































































































































































































































     |  5TSUSHIMA eT Al.
hexanedioate,	 nonanal,	 and	 phenol.	Among	 them,	 decanal,	 nonanal,	
and	some	carboxylic	acid-	methyl	esters	have	been	isolated	regularly	
from	hand	emissions	in	other	studies.49,51,56–58
Brevibacterium epidermidis	 (B. epidermidis)	 is	 resident	 on	 human	








for	 example	 ammonia,	 hydrogen	 sulfide,	 volatile	 amino	 acids,	 and	
short	 chain	 fatty	 acids	 are	 also	emitted	 from	 the	 intestines	 in	 trace	
concentrations	of	<1%	of	all	intestinal	gases	but	can	easily	be	detected	
by	humans.61	Five	major	compounds	that	represent	99%	of	bowel	gas	
are N2,	O2,	CO2,	H2,	 and	CH4	 though	 these	do	not	necessarily	 lead	
to	odor	nuisance.	Garner	et	al64	found	101	VOCs	emitted	from	fecal	
gas	of	 healthy	 individuals	 out	of	which	44	VOCs	were	 common	 for	
























esters	 and	 triglycerides	 have	 a	 structure	 that	 is	 similar	 to	 that	 of	
the	above-	mentioned	fatty	acids	and	can	also	contribute	to	the	for-
mation	of	nonanal	and	decanal.	Schwarz	et	al68	reported	that	form-
aldehyde	 can	 be	 detected	 in	 human	 breath	 and	 its	 emissions	 can	
be	 accelerated	during	 reactions	between	 squalene	 and	ozone.	 Liu	




























































2.3 | Experimental conditions and procedures
Twelve	experimental	conditions	(of	which	nine	were	with	the	human	
bioeffluents)	 were	 created	 by	 combining	 the	 following	 conditions	
(Table	3):	 chamber	 with	 dermally	 emitted	 bioeffluents,	 chamber	
with	 exhaled	 bioeffluents,	 chamber	 with	 whole-	body	 (dermally	
emitted+exhaled)	 bioeffluents,	 the	 supply	 air	 with	 ozone	 naturally	
present	or	eliminated,	and	the	chamber	 temperature	set	at	23°C	or	
28°C.
Five	 lightly	dressed	male	 subjects	occupied	one	chamber	as	 the	
source	of	bioeffluents.	They	were	 instructed	not	 to	drink	alcohol	or	
eat	spicy	 food	or	garlic	on	both	the	day	prior	 to	and	the	day	of	 the	
experiment.	 They	 received	 fragrance-	free	 soap	 and	 shampoo	 to	 be	






free	 detergent.	 Each	 time,	 the	 new	T-	shirt	 was	worn.	 Other	 cloth-





To	 isolate	dermally	 emitted	and	exhaled	bioeffluents,	 these	bio-
effluent	 source	 subjects	 sat	 in	 one	 chamber	 and	 exhaled	 the	 air	 to	
the	 other	 chamber	 through	 breathing	 masks	 (Sperian	 ValuAir	 Plus	














in	 the	air	 in	 the	chamber	 that	 they	occupied,	 regardless	of	whether	
they	were	wearing	the	mask.
To	 remove	 ozone	 from	 the	 supply	 air,	 charcoal	 filters	 were	 in-
stalled.	 In	 the	 “ozone	present”	condition,	 these	charcoal	 filters	were	
removed,	 and	 the	ozone	concentration	 in	 the	 supply	duct	was	 then	
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Experiments	were	 carried	 out	 on	 four	 days	 in	 June	 2016,	 each	
day	lasting	180-	205	min.	On	two	experimental	days,	conditions	with	
ozone	present	in	the	supply	ducts	were	examined.	The	chambers	were	





ated:	 chamber	 with	 dermally	 emitted	 bioeffluents	 only	 and	 cham-



































































































































































































































































































































































































































































































































































































































































































































8  |     TSUSHIMA eT Al.
The	 air	 for	 the	 sensory	 assessments	 was	 delivered	 to	 a	 test	 rig	



















The	area	outside	 the	 chambers,	where	 the	 sensory	assessments	
took	place,	was	ventilated	and	the	temperature	and	relative	humidity	
of	the	air	were	measured,	but	they	were	not	controlled.	The	subjects	
assembled	 and	waited	 for	 their	 turn	 to	make	 these	 sensory	 assess-
ments	in	the	adjacent	hall.
Sensory	assessments	were	performed	in	a	random	order	balanced	
across	 all	 subjects.	Three	 scales	printed	on	paper	were	used	by	 the	








During	 the	 assessments,	 the	 subjects	 approached	 the	 tube	 de-








The	 subjects	 attended	 a	 practice	 session	 prior	 to	 the	 experi-
ments	 to	 receive	 their	 instructions	 and	 to	 become	 acquainted	
with	 the	 procedures	 and	 with	 the	 use	 of	 the	 measuring	 scales.	
They	were	instructed	not	to	drink	alcohol	or	eat	spicy	food	or	gar-















yses	 to	 an	 independent	 commercial	 laboratory	 (Fraunhofer-	lnstitut	
fur	Bauphysik	IB),	which	identified	and	quantified	the	VVOCs,	VOCs,	
and	SVOCs	(up	to	C22)	by	thermal	desorption	gas	chromatography-	
mass	 spectrometry	 (TD-	GC/MS).	 Analysis	 was	 performed	 using	 a	













cyclohexanone,	 hexanal,	methyl	 isobutyl	 ketone	 (MIBK)).	The	 con-
centration	 of	 each	 of	 these	 substances	was	 quantified	 individually	
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2.5 | Data treatment and statistical analyses
The	sensory	ratings	made	by	the	subjects	were	digitized,	and	the	re-


















All	 sensory	 assessments	 and	 the	 results	 of	 chemical	 analyses	 are	
shown	 in	 Appendices	 S4-S6.	 The	 present	 section	 reports	 selected	





had	 the	 same	 temperature	 as	 the	 temperature	 in	 the	 chamber;	 the	
results	of	univariate	analyses	are	shown	in	the	Appendix	S7.	Figure	3	
shows	that	all	significant	differences	were	in	the	expected	direction,	

















at	 23°C;	 this	 effect	 was	 statistically	 significant	 (P<.05).	 Additional	
analysis	was	therefore	made,	which	compared	sensory	ratings	in	the	
















































































intensity	 assessments.	The	assessments	of	 air	 freshness	 (not	 shown	
here)	followed	trends	similar	to	those	of	the	ratings	of	acceptability.
In	 all,	 51	 substances	 were	 detected	 by	 GC-	MS	 analysis	 and	 7	
substances	 were	 detected	 by	 HPLC-	DAD.	 Figures	5-8	 show	 some	
selected	results	of	the	chemical	measurements.	The	objective	of	this	
study	was	to	examine	the	differences	between	dermally	emitted	and	



























23oC cone of 23oC chamber
28oC cone of 23oC chamber




















23oC cone of 23oC chamber
28oC cone of 23oC chamber







































Figure	5	 shows	 the	difference	 in	chemical	 composition	of	 the	air	
with	dermally	emitted	and	exhaled	bioeffluents	at	23°C	when	ozone	
had	been	eliminated	from	the	supply	air.	The	results	show	that	greater	








than	 those	 of	 nonanal	 and	 geranylacetone.	Additionally,	 acetic	 acid	
was	identified	in	the	exhaled	air,	whereas	the	acetone	in	the	dermally	













12  |     TSUSHIMA eT Al.
Figure	7	shows	the	difference	in	chemical	composition	of	the	air	














The	 concentration	 of	 the	 compounds	 detected	 in	 the	 different	
conditions	was	compared	with	their	odor	thresholds.	This	was	done	
even	though	the	concentrations	for	some	compounds	were	obtained	
as	 toluene	equivalents.	 It	was	assumed	 that	 for	 them	they	approx-








for	which	 the	 concentration	was	determined	using	 reference	 stan-
dards,	and	octanal,	for	which	the	concentration	was	toluene	equiva-
lent.	A	comparison	of	concentrations	with	odor	thresholds	for	these	
and	 other	 compounds	 is	 presented	 in	 detail	 in	 the	Appendices	 S5	
and	S6.
4  | DISCUSSION
4.1 | Exhaled and dermally emitted bioeffluents
The	purpose	of	this	study	was	to	examine	whether	dermally	emit-
ted	 and	 exhaled	 bioeffluents	 produce	 different	 sensory	 effects	
and,	 thus,	have	different	contributions	 to	 the	body	odor	problem.	
There	was	no	 intention	 in	the	present	work	to	measure	the	emis-
sion	rates	or	all	types	of	bioeffluents,	as	the	sample	was	small.	The	
results	 show	 that	 the	 perception	 of	 increased	 odor	 intensity	 and	
of	 unacceptable	 air	 quality	 caused	 by	 human	 bioeffluents	 can	 be	
primarily	attributed	to	dermally	emitted	bioeffluents.	As	shown	 in	
Figure	3,	 the	 ratings	 of	 both	 acceptability	 of	 air	 quality	 and	 odor	
intensity	 differed	 significantly	 between	exposures	 to	 exhaled	 and	
dermally	emitted	bioeffluents.	These	findings	are	further	supported	
by	results	showing	that	the	odor	intensity	of	air	containing	dermally	
emitted	 bioeffluents	 was	 similar	 to	 that	 of	 air	 containing	 whole-	
body	 bioeffluents,	 and	 that	 the	 odor	 intensity	 of	 exhaled	 bioef-
fluents	was	 similar	 to	 that	of	 air	 in	 the	empty	 chamber.	This	 also	
support	the	results	of	the	pilot	experiments	by	the	authors,	which	
also	showed	that	the	addition	of	pure	CO2	to	air	containing	dermally	




















measurements	 in	 the	 present	 experiment	were	 limited	 (only	 toluene	
equivalent	 concentrations	were	 measured	 for	 many	 compounds),	 as	
were	the	range	and	control	of	the	ozone	concentration.
It	should	be	mentioned	that	halitosis	can	produce	a	local	unpleas-



















that	 many	 compounds	 that	 would	 be	 expected	 to	 evoke	 sensory	
perception	were	at	a	slightly	higher	concentration	when	ozone	was	




squalene.e.g.66	 The	 occurrence	 of	 this	 chemistry	 is	 supported	 by	
elevated	 concentrations	 of	 the	 oxidation	 products	 expected	 from	
ozone/skin	 oil	 chemistry	 (e.g.,	 acetone,	 6-	MHO,	 nonanal,	 decanal,	
and	geranylacetone).	Table	3	shows	that	in	the	conditions	with	ozone	
present	 in	the	supply	air,	 the	ozone	concentration	measured	 in	the	
chamber	was	 lower	 than	 in	 the	ambient	 air,	 suggesting	 that	ozone	
was	being	scavenged	in	the	chamber	by	reactions	with	skin	oils.
Aldehydes,	geranylacetone,	and	6-	MHO	were	abundant	in	the	der-



























as	 the	process	can	occur	 in	other	places	where	ozone	 is	present,	 for	
example	 outside	 the	 building.	Geranylacetone,	 nonanal,	 and	 decanal	
have	high	molecular	weights	and	hence	are	“sticky”;	 therefore,	 these	




why	 the	concentration	of	6-	MHO	was	 lower	 than	 that	of	geranylac-
etone,	nonanal,	and	decanal	 (Figure	5).	The	concentration	of	6-	MHO	
was	higher	than	that	of	nonanal	and	geranylacetone	with	ozone	pres-










and	 6).	 In	 general,	 compounds	with	 a	 higher	 molecular	weight	 have	
higher	 retention	 times.	 The	 compounds	 exhaled	 tended	 to	 be	 more	
volatile,	with	a	lower	molecular	weight	than	the	compounds	that	were	
dermally	emitted	(Table	1	and	Nicolaides82).	Also,	even	if	there	had	been	





the	skin	flora	that	 is	 resident	on	the	surface	of	 the	skin	decompose	
the	sebum	and	sweat	through	the	process	termed	lipase	action.78 In 
particular,	 triglyceride	 is	mainly	hydrolyzed	to	 fatty	acid	by	propioni-
bacterium acnes and staphylococcus epidermidis,	even	when	there	is	no	
ozone,	although	these	compounds	were	not	detected	in	the	present	




































pollutants	 is	 not	 considered	 to	 influence	 the	 final	 results.	 Firstly,	 the	
study	was	performed	 in	a	 rural	 area	with	a	generally	high	air	quality.	









4.2 | The effects of increased temperature
Although	Figure	3	does	not	show	clearly	whether	increased	tempera-
ture	 increased	 the	 emission	 of	 human	 bioeffluents,	 Figure	4	 shows	
that	when	 the	 effect	 of	 temperature	 on	 perception	was	 eliminated	
(the	sensory	ratings	were	made	on	air	having	the	same	temperature),	















is	higher	 at	28°C	 than	at	23°C,	which	means	 that	 it	 becomes	more	
volatile	(the	melting	point	of	squalene	is	−5°C	so	it	is	a	liquid	at	indoor	
temperatures).	 Additionally,	 during	 periods	 with	 high	 temperatures	
sebum	becomes	 soft	 and	 secretion	 increases,	which	would	 increase	
volatilization	and	consequently	 the	emission	of	 squalene.	Moreover,	
the	 number	 of	 resident	 skin	 flora	 increases	 at	 higher	 temperatures;	





















Single	 replicate	 measurements	 were	 performed	 for	 both	 sensory	
measurements	 of	 odor	 intensity	 and	 chemical	 measurements	 of	
air	composition	 in	 the	chamber.	This	 is	a	potential	 limitation	of	 this	
study.	However,	 the	 results	were	consistent	across	different	condi-
tions	and	 indicate	 that	 the	odor	 intensity	of	air	containing	dermally	
emitted	bioeffluents	was	higher	 than	 that	of	 air	 containing	exhaled	




under	 different	 condition	 scenarios	 in	 the	 chambers	 and	 presented	
similar	 compounds	 for	 air	 containing	 dermally	 emitted	 bioeffluents	
under	different	conditions.	We,	 therefore,	conclude	that	 the	results	
of	this	study	are	credible.

















care	products,	and	very	 light	clothing	 (underwear)	worn	by	 the	sub-
jects	sitting	in	the	chamber,	which	could	have	affected	the	emission	
of	chemical	compounds	and	consequently	 the	air	quality.	These	can	





































depending	on	 the	composition	of	 their	 skin	and	 the	composition	of	
the	 sebum	on	 the	 skin	 surface.	Normally,	 the	volume	of	 sebum	 se-
creted	peaks	around	the	age	of	10	to	20	years	for	females	and	around	
the	age	of	30	 to	40	years	 for	males.	 In	 the	present	experiment,	 the	
source	subjects’	average	age	was	24.4	±	2.0,	suggesting	that	the	odor	
intensity	would	be	higher	if	30-	to	40-	year-	old	male	source	subjects	
had	been	used.	Additionally,	 the	effect	of	 the	occupants’	body	 size,	
hygienic	habits,	and	health	conditions	should	be	considered	in	future	













The	 presence	 of	 exhaled	 bioeffluents	 did	 not	 cause	 any	 significant	




sity	and	 the	acceptability	of	 the	chamber	air	quality,	 indicating	 that	
they	decreased	air	quality.















lutants	 emitted	by	humans	 are	present.	They	 indicate	 that	 dermally	
emitted	bioeffluents	may	be	the	primary	cause	of	any	sensory	effects.
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